Introduction This study investigated the effect of combining hypoglossal-facial nerve "side"-to-side neurorrhaphy and electrical myostimulation in a rat model of facial palsy. Methods Rats with facial nerve crush injury were subjected to control condition, monotherapy of either neurorrhaphy or electrical myostimulation, or bitherapy of the two treatments. After 1, 3, and 6 months, rats were performed the facial symmetry evaluation, electrophysiological examination and the retrograde labeling of motor neurons. Results As early as 3 months after injury, face symmetry significantly improved in rats of the bitherapy group. At 3 or 6 months after injury, either the parameters of electrophysiological examination or the number of labeled motor neurons were significantly increased in the bitherapy group than in any other group. Discussion The combination of neurorrhaphy and electrical myostimulation effectively promoted the functional recovery after facial nerve crush injury.
Introduction
Facial palsy, a commonly encountered syndrome in the clinic, arises from various causes including inflammation, cranial trauma and the removal of cerebellopontine angle tumors 1 . Although the injured facial nerve (FN) remain anatomically intact in most clinical cases, the capacity of spontaneous axonal regeneration is difficult to anticipate 2, 3 . This uncertain prognosis represents an obstacle to the physician's decision making.
Generally, most surgeons recommend neurorrhaphy to patients only if no satisfactory functional recovery is achieved after a period of conservative treatments 4 . However, this delay results in the atrophy of the denervated target muscles, which prevents their functional reinnervation when a remedied neurorrhaphy is performed 5, 6 . Even when repair surgery is performed early, the long duration of axonal regeneration, which takes up to 2 years in patients, increases the risk of facial muscle degeneration 7 . Hence, interventions that would simultaneously promote axonal regeneration and maintain facial muscle activation represent an interesting therapeutic option.
Electrical stimulation, first used for pain relief, has become a widely used method to treat various neuromuscular disorders 8, 9 . With the development of electrotherapy, several new stimulating techniques, such as brief electrical stimulation (BES) and electrical myostimulation (EMS), have been introduced into neurological practice, rehabilitation medicine, sports medicine and psychiatry [10] [11] [12] [13] . They have been 14, 15 . Moreover, Gordon et al. showed that BES combined with in situ neurorrhaphy between the common peroneal nerve and the tibial nerve could improve nerve regeneration and functional outcomes 16 . Additionally, several clinical units have used transcutaneous electrical nerve stimulation to achieve satisfactory functional improvement of the facial muscles of patients suffering from facial palsy 17 .
Over the past years, interest has been growing for protecting denervated muscles from atrophy. For example, EMS has been introduced for preventing sarcopenia, defined as muscle weakness and mass loss 18 . Many studies have shown that EMS can significantly improve muscle functions in patients suffering from end-stage renal disease, chronic heart failure, chronic obstructive pulmonary disease and other severe conditions [19] [20] [21] [22] [23] . (Fig. 1A) .
For hemi-HN-FN neurorrhaphy which has been introduced in our previous study 27 , the right HN trunk was exposed and hemisectioned at the site closest to the FN. At the level of the FN, an epineurial window 5 mm distal to the lesion site was carefully created using microscissors.
Thereafter, a PNG prepared 1 week beforehand from the same animal (procedure was described below) was harvested. The proximal stump of the PNG was joined in an end-to-'side' ('side' represents here the hemisection of HN trunk with maintaining its continuity) neurorrhaphy with the hemisectioned HN, while its distal stump was anastomosed to the epineurial window of the FN in an end-to-side fashion. The surgical wound was then closed with 4-0 nylon sutures (Fig. 1B, 1C ).
The PNG was prepared 1 week before its removal for neurorrhaphy. Rats underwent the same general anesthesia as described above.
The right sural nerve was exposed through a skin incision on the right medial thigh followed by dissection of the septum between the semi-membranosus and the gracilis. A crush 
Electrical myostimulation (EMS) therapy
In groups assigned to daily EMS therapy, rats (Fig. 4) .
Retrograde labeling
At each evaluated time point, motor neurons in both facial nucleus and hypoglossal nucleus were retrogradely labeled in 6 rats per group by injecting the tracer CTB-Alexa 555 in the right whisker pad muscle (Fig. 5A , 5B). was significantly higher than in the control group (192 ± 20; p < 0.001). More apparently, at 6 months after injury, the bitherapy group showed more labeled neurons (410 ± 15) than the neurorrhaphy group (308 ± 7; p < 0.001), the EMS group (326 ± 6; p < 0.01) or the control group (275 ± 15; p < 0.001). These differences were significant as indicated by a post hoc Bonferroni tests. (Fig. 5C) 
Discussion
After injury to the facial nerve, the facial muscles become weak and may undergo degeneration 29 . Muscle atrophy becomes not only a particularly serious problem when the decision making of repair surgery is delayed because of uncertain prognosis, but also remains an issue after early neurorrhaphy because it may take up to two years to regain satisfactory facial recovery in clinic 30, 31 . For this reason, paralyzed facial muscle training is often recommended 32 .
Here, we experimentally demonstrate an additive beneficial effect of EMS and hemi-HN- Labeled motor neurons (in red) in the hypoglossal nucleus at 6 months. Bar = 50 µm. C. The two-way ANOVA followed Bonferroni's post hoc multiple comparisons of number of labeled neurons in the facial nucleus for each group at 1, 3, and 6 months after repair. Time effect (F (2, 37) = 120.8; p < 0.001), treatment effect (F (3, 37) = 73.02; p < 0.001) and interaction between time and treatment (F (6, 37) = 6.06; p < 0.001) were significant. **, p < 0.01 between the bitherapy group and the EMS group at 6 months. ***, p < 0.001 between the bitherapy group and the other corresponding groups at 3 or 6 months. ###, p < 0.001 between the control group and the treated groups at 1 month. D. The same statistical analysis of number of labeled neurons in the hypoglossal nucleus for each group. No interaction between time and treatment was found (F (2, 20) = 0.64; p = 0.538), while time effect (F (2, 20) = 74.34; p < 0.001) and treatment effect (F (1, 20) = 13.74; p < 0.001) were significant. There was no significant difference of labeled neuron number between the two groups, while the bitherapy group presented more labeled neurons than the neurorrhaphy group at each time point. This optimal bitherapy presents an additive effect that is more effective than treatment with either of the two interventions alone.
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